Parity-doublet spin interactions in ultracold polyatomic molecules
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Precision measurements exploit internal molecular structure to search for physics beyond the Stan-
dard 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 proposals for precision measurements with polyatomic molecules because they enable
large molecular polarization for enhanced sensitivity, and provide internal state co-magnetometry
to suppress systematic errors [1-3, 5, 6, 11]. Here we report the observation and control of res-
onant dipolar exchange interactions 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 ¢-type parity-doublet states and observe two complementary signatures of interactions:
a density-dependent Ramsey contrast decay and a spin-projection-dependent mean-field precession
whose sign reverses with the initialized population imbalance. Both observables are well described
by a common discrete truncated Wigner model [12-14] using independently calibrated experimen-
tal 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 precision 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 dipolar many-body physics

and opening a route to entanglement-enhanced tests of fundamental physics.

Molecules serve as quantum sensors of fundamen-
tal physics because their internal structure can amplify
tiny symmetry-violating effects. A particularly power-
ful example is the use of closely spaced opposite-parity
states, which weak electric fields can mix to polarize
the molecule, while reversals within the doublet en-
hance suppression of systematic errors by distinguishing
molecular-frame signals from laboratory-frame system-
atic shifts. Parity-doublet states are already a key fea-
ture of the best probes of CP-violating (CP-v) physics
beyond the Standard Model (BSM), and are very promis-
ing for future precision measurements and quantum sim-
ulations [1-6]. Linear 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 measure-
ments 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 en-
ter this many-body regime. Rotational states in ultra-
cold 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 measurement: their complex
vibrational and rotational structure naturally support
a plethora of parity-doublets while remaining compati-
ble with laser cooling and optical trapping [18, 33, 34].
These parity-doublets can carry the symmetry-violating
signal and are themselves electrically coupled, so inter-
actions act directly within the sensing manifold. At zero
electric field, the two states in a parity-doublet are near
degenerate and share identical quantum numbers apart
from their inversion parity. This near-identity suppresses
differential sensitivity to magnetic and optical pertur-
bations, enabling second-scale qubit coherence in opti-
cally trapped polyatomic molecules [35]. These ingredi-
ents point toward a new regime in which the metrologi-
cal 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 ¢-type parity-doublet man-
ifold of the X2%*(010) vibrational bending mode rel-
evant to precision measurement. Molecular thermal
motion generates spatially disordered, long-range ex-
change couplings, realizing an itinerant XY spin model.
As a first manifestation of interactions, a rapid collec-
tive spin decay is observed as a function of molecu-
lar density. We characterize the system spin Hamilto-
nian by initializing different spin projections and mea-



suring the spin precession, revealing a mean-field one-
axis-twisting (OAT) interaction that scales linearly with
density and reverses direction with the population imbal-
ance. We then use Floquet control to tune the interac-
tion anisotropy and observe strongly suppressed dephas-
ing near the SU(2)-symmetric Heisenberg point, despite
the inhomogeneous couplings. This identifies a protected
interacting regime for precision measurements at high
molecule number, mitigating the interaction-induced co-
herence penalty that otherwise grows with molecular
density. The ability to switch between anisotropic ex-
change that generates correlations and isotropic interac-
tion that preserves collective coherence establishes parity
doublets as a programmable many-body resource, and of-
fers a route to generate-and-protect protocols for molec-
ular 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 compressed dc blue-detuned
conveyor-belt MOT to enhance the density [37, 38], fur-
ther cooled [18], and loaded into a small volume of a
crossed optical dipole trap (cODT). Approximately 90
molecules at T' = 60 pK are confined by two A = 1064 nm
lasers that intersect at 45° to create the cODT. One of
the cODT laser beams has an elliptical aspect ratio of 5,
resulting in an oblate crossed trap with motional frequen-
cles w/2m = (1.3(1),3.5(1),11.5(2)) kHz at trap depth
Uo/kB = 13(2) mK.

Molecules in the cODT are optically pumped into the
excited vibrational bending mode X?2%+(010) and pre-
pared into a single parity-doublet stretched hyperfine
state [N =1,J =3/2, F = 2, mp = 2,p = +) using com-
bined optical and microwave pumping 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 B, = 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 com-
ponents of the /{-type doublet. We define
MY = |IN=1,J=3/2,F=2mp=2,p=+) and
HN)y=|N=1,J=3/2,F =2,mp =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, mpg 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
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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 respec-
tively reside in the two parity eigenstates made by superpo-
sitions of opposite bending angular momentum states labeled
by projections £ = +1. The lab quantization axis is defined
by a strong bias magnetic field along 2. ¢ The N = 1 rota-
tional state diagram of X2X7(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 |1) = |+) and |[{) = |-).

very small; residual trap sensitivity is a parity-dependent
AC Stark shift arising from Renner—Teller mixing in the
A?5(010) excited state [35]. At the same time, these
states of opposite parity have a large transition electric
dipole moment dy; = (1|d|}) = 0.73 D. Coherent rf
pulses resonant with the parity-doublet transition pre-
pare arbitrary pseudo-spin states on the Bloch sphere,
with transverse spin components s; corresponding to
coherence between [1) and |]) and s, corresponding to
their population imbalance.

At zero electric field, parity remains a good quantum
number, and the molecule has no lab-frame dipole mo-
ment. In this case, the electric transition dipole moment
between the two opposite-parity states gives rise to res-
onant dipolar exchange interactions between molecules,
described by an XY spin Hamiltonian,

N 1
H= 3 ; V(r; —rj) (sfsf + sfsé’) (1)
i#j

where V(r) = 2dT2l (1 —3cos® ) /(4meor?) is the
anisotropic dipole-dipole interaction strength between
i,7 and is determined by the instantaneous molecular
separation r and the angle o between the intermolecu-
lar 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 measur-
able signatures: an inhomogeneous decay of the collec-
tive 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 dis-
crete truncated Wigner approximation (DTWA) [8, 12—
14]. The initial molecular quantum spin state is sampled
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 frequencies, temperature, and molecule
number. Observables are obtained by averaging the col-
lective spin over many sampled spin configurations and
molecular trajectories.

Experimentally, we calibrate the parity-doublet spin
coherence in the absence of interactions with two ap-
proaches: 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 an-
gle condition. We achieve a bare coherence time of
Ty = 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 T3 by more than a factor of
60, beyond the vibrational bending mode 1/e radiative
lifetime T} ~ 350 ms [40]. The time interval 7, = 25 us
between each X or ¥ pulse is chosen to match the cutoff
set by the largest trap frequency w, and its harmonics.
In case (ii), the low molecule density condition allows us
to measure the bare coherence time, Ty = 2.5(4) ms, and
the XY16 extended coherence time, To_16 = 250(30) ms,
well beyond the time scale observed from dipolar inter-
action induced phase changes.

By decomposing the pairwise interaction Vi; = V +
dV;;(t), the Hamiltonian (1) has a mean-field contribu-

tion, through the definition of collective spin S, = ) _; ¢
and the ensemble-averaged interaction strength y = V' /2
Heon = xS? — XSE + const. (2)

The first collective S? term tends to preserve the total
spin length |S|; the nonlinear dynamics are generated
by the one-axis-twisting term —y.S2, which shears the
collective-spin quasiprobability distribution. This pro-
duces a coherent loss of contrast and, at later times, is
expected to generate spin squeezing and metrologically
useful entanglement [9, 41, 42]. In addition, as thermal
molecules ergodically traverse the trap, the pairwise cou-
plings §V;;(t) fluctuate in time and vary between molec-
ular 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.
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FIG. 2. Parity-doublet spin dephasing. a The Ramsey pulse
sequence comprises a m/2 pulse that prepares the spin on the
equator along X , and a final 7/2 that reads out the pro-
jection of S along a certain axis n defined by the pulse
phase ¢. During the interval T between these pulses, the
spin system evolves under Hamiltonian (1), while dynam-
ical decoupling pulses suppress the single-particle decoher-
ence arising from the trap shift. On the right is an exam-
ple of the measured fringes at different 7' indicates fast con-
trast decay at 1,25,50,100 ms. FError bars represent 68%
confidence intervals from bootstrapping. The contrast C' =
S1(T)/S1(0) is extracted by fitting each Ramsey fringe to a
sinusoidal function. b The Ramsey contrast decay at differ-
ent initial molecular peak densities no = 0.3,0.96, 1.81,2.53 x
10'%m~3. For each density, we fit an exponential decay
C(T) = Coexp(—T't). ¢ Decay rate I 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 no.

We measure such dephasing by performing a Ram-
sey pulse sequence. The first m/2 rf pulse prepares a
transverse polarized spin state (|1) + |}))/v/2 for each
molecule. The following blocks of XY16 dynamical de-
coupling pulses during the interaction time T act as a
single-body echo, and a last 7/2 readout pulse phase is
scanned to extract the Ramsey fringe contrast. We use a
parity-selective optical detection scheme to measure the
population in |1) and repeat the measurement with dif-
ferent densities of molecules. We observe that contrast
decay fits well to an exponential function of T, where
the characteristic decay rate I" becomes faster at higher
densities.

The contrast decay is sensitive to the spread of the
interaction-induced phase across the ensemble. In an ad-
ditional probe of the Hamiltonian (2), we deliberately
prepare a population imbalance between the two parity-
doublet states. In this case, linearizing the OAT term
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FIG. 3. Parity-doublet spin precession. a Collective spin
precession phase ¢ as function of T for different initial angle
0. Colors from light to dark correspond to increasing 6 =
w/4,7/3,7/2,2m /3,37 /4. The initial spin is prepared by a
pulse with area 6 from [1), which, after time T, is rotated
by the OAT interaction by azimuthal angle ¢(7"). Dynamical
decoupling is implemented during 7. We again extract ¢ by
varying the last readout m — 6 pulse phase ¢ 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 wmr, extracted from linear fits to the early-
time phase evolution in a, as a function of the initialized spin
projection cosd. In a, b, ng = 3.1(1) x 10" cm™. ¢ wyy
is linearly dependent on ng at 8 = w/4. In b, c the shaded
region represents DTWA simulation predictions.

—xS? gives an effective mean-field shift —2y(S,)S, that
causes the collective spin to precess about the z axis at a
rate proportional to both x and the initialized spin pro-
jection (S.). The precession rate is expected to scale lin-
early with molecular density and to reverse sign when the
population imbalance is reversed. Measuring this depen-
dence distinguishes coherent interaction-driven evolution
from generic density-dependent dephasing.

We prepare such an imbalanced state cos(0/2)|1) +
sin(6/2) |}) in each molecule through a variable initial-
izing rf pulse with pulse area 6. While dynamical de-
coupling pulses during T keep the Ramsey fringe phase
intact, the mean-field shift drives a precession rate wy,f =
xN cosf. As shown in Fig. 3, the accumulated phase is
approximately linear in time over the measured evolu-
tion window, allowing us to extract wp¢. The sign and
magnitude of wys depend on the initialized spin projec-

tion, reversing when (S.) 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 mea-
surements probe complementary components of the same
exchange interaction. The Ramsey contrast decay re-
veals the distribution of local interaction-induced phases,
while the spin-projection-dependent precession provides
a signed measurement of the ensemble-averaged inter-
action field. Their simultaneous agreement with the
same DTWA calculation identifies the observed dynamics
as resonant dipolar exchange within the parity-doublet
manifold.

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 dynamics
needed to generate correlations, while its spatially disor-
dered couplings degrade the collective coherence required
for precision measurement, even though itinerant motion
partially averages this disorder. For metrology, this usu-
ally presents a tradeoff: increasing the molecule number
improves projection-noise-limited sensitivity [43], yet at
fixed volume it also raises the dephasing rate [44]|. Sym-
metry offers a route to suppress this dephasing. In the
isotropic Heisenberg limit, Hxxx = Zi# Vij si-sj/2, the
dipolar interaction becomes SU(2)-symmetric and con-
serves the collective spin S. A fully polarized spin state
is therefore protected against exchange-induced dephas-
ing even when the pairwise couplings V;; are spatially
disordered (Fig. 4d) [15, 16, 45].

Combining this symmetry protection with a controlled
residual anisotropy is predicted to be favorable for spin
squeezing near the Heisenberg point [17, 46]. We imple-
ment this control by Floquet engineering the native ex-
change Hamiltonian Hxy. Global 7/2 frame rotations
map the interaction into different spin frames, allow-
ing the molecules to evolve under effective Hamiltonians
ffxy, ﬁzy, and ﬁxz for programmable relative dura-
tions n : m : m within each Floquet cycle. The lowest-
order effective Hamiltonian is XXZ

N 1 ~
Hxxz = 5 Z Vij (s7s] + sisf + Asis5) (3)
i#

with the tunable anisotropy A = 2m/(m+ n) and renor-
malized coupling Vi;/Vij = (n +m)/(n + 2m).

We experimentally probe the engineered Hamiltonian
by repeating the Ramsey contrast measurement while
tuning A from the XY limit, A = 0, through the isotropic
point and towards the Ising side A = 2. The many-body
dephasing rate T is strongly reduced as the engineered
interaction approaches the SU(2)-symmetric point. The
observed dependence of [ on A is broadly captured by
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FIG. 4. Symmetry-protected collective coherence in parity-
doublets. a A unit block of the Floquet pulse sequence con-
tains frame-switching pulses (green) and interaction intervals
(blue, yellow, and brown blocks). Here Y and Y denote /2
rotations about y and —y respectively, with BB1 compos-
ite pulses. During the interaction intervals, the spin system
effectively evolves under Hamiltonians Hap o« AA + BB de-
pending on the frame selection. XY16 pulses are embedded
within each interaction interval. The + and — cycles use op-
posite frame rotations and are alternated to cancel leading-
order pulse errors from the frame-switching pulses. b Engi-
neered many-body dephasing rate I' as a function of the XXZ
anisotropy A. The purple shaded region represents the pre-
diction from the DTWA simulations. Error bars represent
68% confidence intervals from bootstrapping. ¢ Represen-
tative Ramsey contrast decays C(T') for selected values of
A = 0,0.5,1 (dark to light). Lines are exponential fits used
to extract I'. d DTWA snapshots of the collective spin dis-
tribution under the native XY interaction and the engineered
isotropic XXX interaction at 7" = 35 ms. Spatially inhomo-
geneous XY couplings broaden the distribution and reduce
S 1, whereas the SU(2)-symmetric XXX interaction preserves
the fully polarized collective-spin state despite the coupling
disorder.

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 pro-
grammable molecular degree of freedom. This is a
key step toward generating entangled many-body states
within the same manifold used for precision measure-
ments [8, 51]. Recent work has proposed that entan-
glement in parity-doublet states can enhance sensitivity
to symmetry-violating moments that are strong probes
for new CP-v physics and other new particles, particu-
larly in the low-field regime where parity remains a good
quantum number [7]. Future work may extend such en-
tanglement to the polarized, high-electric-field conditions
that have complementary relevance for eEDM searches.
Exploring these systems remains an important open di-
rection.

The same capabilities make interacting polyatomic
molecules a new resource for quantum many-body
physics. The system demonstrated here realizes an itin-
erant dipolar XY spin model and programs a tunable
XXZ model through combinations of electric-field con-
trol, 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 in-
teractions, and the enriched internal structure of poly-
atomic molecules in a programmable platform for many-
body quantum science.
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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 K in the trap. Here, we take a
first fluorescence image of the trapped cloud for 7 ms to
provide a reference for future number normalization and
data thresholding. These molecules are in the vibrational
ground state X (000) and are recooled by the same lasers
shortly after the image. Next, we optically pump them
into the vibrational bending mode X (010) via the excited
state A(010). As there are four parity-allowed hyperfine
states into which A(010) spontaneously 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 A(010) with
an N = 2 repump laser, we are able to prepare molecules
to this single state. We calibrate the state preparation
efficiency from X (000) to [1) is 33(2)%.

From |[N=1,J=1/2,F=0,p=—-) to 1)
IN=1,J=3/2,F =2,mp =2,p=+), We drive an rf
adiabatic sweep at 72.4 MHz by ramping the bias B,
from 1.2 to 2.7 G within 12 ms. A resonant pushout
laser pulse is applied for 3 ms to clear all remaining
|p = —) states, and the bias B, 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 7. 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
[1) 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 A = 1064 nm laser beams inter-
secting 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 5x in the Fourier plane and is
further focused into an elliptical beam with 1/e? waists
(wy,w,) = (50,11) pm at the molecular plane. Beam
2 is expanded by an isotropic telescope and focused to
(Wg—y,w:) = (26,26) pum. 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 ps and then turning it on to recap-
ture. For Beam 1, we measure the radial frequencies to
be (w1,y,wi,2)/2m = (2.2(1),11.5(2)) kHz at total power
Py = 16.5 W. For Beam 2, the radial frequencies are
(Wa,z—y,w2,2)/2m = (3.0(1),3.0(1)) kHz at total power
P,=15W.

Because the two beams intersect at 45°, the trap fre-
quencies hybridize in the zy plane, and add in z:

1
2 2 2
Wi :5 |:w1,y + Wo z—y + \/ w%,y + w%,xfy ’ (4)

w?=wi. +tuwj.. (5)

Plugging in individual frequencies, we expect
(wo,wi,w,)/2r = (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
w/2m = (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 ini-
tial alignment of the ODTs is individually optimized for
the number of loaded molecules from the blue-detuned
conveyor-belt MOT, which has a 1/e? radius ~ 60 ym;
(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 mea-
sured as we scan the beam positions. All three methods
agree on locating the spatial overlap within 2 pym preci-
sion.

MOLECULAR DENSITY CALIBRATION

We independently calibrate the trapped molecular den-
sity in two ways: (i) measuring the molecule number and
temperature separately and combining them with the cal-
ibrated 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 harmonic trap, the peak number
density is ng = N wywyw, (m/QWkBT)3/2. Therefore, the
calibration reduces to determining N, 7', and the trap
frequencies w,,.

The molecule number is obtained from fluorescence
imaging. We calibrate the imaging collection efficiency
Neott = 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 mea-
sure the EMCCD counts per incident photon to be 114.
These combined with the state preparation efficiency, cal-
culate the molecule number N in the parity-doublet man-
ifold. We estimate a combined fractional uncertainty of
25% in N, which dominates the density uncertainty.

The temperature is measured by a trap-depth “shav-
ing”: 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 7" = 60(8) uK.
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 heat-
ing spectroscopy. Because the trap depth greatly exceeds
the temperature n = Uy/kpT = 22(1), the molecules oc-
cupy only the harmonic bottom of the trap and anhar-
monic 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 X(010) bending mode was mea-
sured in Ref. [57]. Recording the molecule number ver-
sus hold time and fitting to the two-body rate equation
N = —k(n)N — N/7, where (n) = ny/2%/? is the aver-
age density and 7 the single-molecule lifetime, we invert
the observed decay to obtain a density. We specifically
choose ||) =|N=1,J=3/2,F =2,mp =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 ng in the parity-doublet
manifold. When we need to scan ng, 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.

To reach high enough density to observe dipolar in-
teraction, we run the experiment at a trap depth about
35x higher than Ref. [35]. Owing to the U03/2 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 con-
dition of the trap polarizations. We report an optimal

bare coherence time of 75 = 2.5(4) ms in the cODT at
Uo/k‘B = 1.3 mK.

DYNAMICAL DECOUPLING SEQUENCES

The timescale set by dipolar interactions is ~ 50ms,
and dynamical decoupling is essential for extending the
single-spin coherence time beyond it. In particular, we
use pulse sequences from the XY family, in which nom-
inal 7 pulses are applied about alternating axes in the
equatorial plane. Ideally, these pulse sequences create
a bandpass filter that rejects detuning noises with fre-
quencies other than near 1/27,, while leaving the inter-
action Hamiltonian intact. Compared with Carr—Purcell
sequences that use pulses about a single axis, XY se-
quences cancel pulse imperfections more symmetrically.

In the cODT, because the molecules undergo harmonic
motion in the trap, the dominant single-particle dephas-
ing 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 ap-
proximately twice the largest trap frequency ~ 23 kHz.
We choose the interpulse spacing 7, = 25 us. The pulse
duration is scanned and chosen so that its Fourier broad-
ening does not drive nearby hyperfine transitions.

For typical Ramsey measurements with 7' = 50—
100 ms, the sequence contains 2.5-5 x 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 pre-
serving 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 sim-
ulations that include detuning noise under experimental
parameters and model XY pulse errors by imperfect ro-
tations. 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 si-
multaneously. We first calibrate the 7w pulse area by
preparing |[1) 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 inten-
sity in real time. Finally, we upgrade the sequence to
use XYI6 (XY XYY XY XY XY XXY XY), 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 7/2
frame-rotation pulses, following the average-Hamiltonian
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FIG. S1. Unormalized Ramsey contrast at 7' = 75 ms as func-
tion of the dynamical decoupling pulse interval 7,. Dashed
vertical lines are 7, = 12 and 25 us. Error bars represent 68%
confidence intervals from bootstrapping.

approach used for dipolar spin systems [45, 54, 58, 59].
Within one Floquet cycle 7., the spins evolve in the tog-
gling frame set by the applied pulses, under the interac-
tion Hamiltonian expressed in different spin frames. A
m/2 rotation about z sends y — z and leaves z fixed,
mapping the interaction to XX+27= Hxy. Cycling
through these frames therefore lets the molecules evolve
under H XY, Hy 7z, and Hy 4 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, YZ,
and X Z frames within one Floquet cycle of period 7, o
n + 2m. Provided the cycle is short compared to the
interaction timescale, the zeroth-order Magnus expansion
is the time average over the cycle,

N 1 N N N
O = [ i é; i } . (®
"t om ntxy +miiyz +mixz (6)
Substituting the frame-transformed interactions and col-
lecting terms,

n+m 1

Hxxy = ——— =
XXz n+2m 2

Z Vij (sfs? + sfs;’ + A sfsj) (7)
i#]

with A = 2m/(m + n). The prefactor (n +m)/(n+ 2m)
is an overall renormalization of the interaction strength.
Within each interaction interval, we embed XY16 m-pulse
trains with spacing 7, to refocus single-particle dephas-
ing. For the experiment, we typically select 7. = 190 us
and 7, = 12 pus.

By calibrating using Ramsey, we experimentally iden-
tify that the frame-switching 7 /2 rotations are the dom-
inant source of coherent pulse error in the sequence. We
implement them as BB1 composite pulses to suppress
sensitivity to rf pulse-area fluctuations. 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 cy-
cles, in analogy to the cancellation by the XY family.

In the experiment, we perform similar Ramsey mea-
surements to determine the dephasing rate I'. To ensure
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FIG. S2. Mean-field spin precession rate as a function of
anisotropy A in the Floquet-engineered Hamiltonian. The
peak density no = 3.0 x 10'® cm™3. Error bars represent
68% confidence intervals from bootstrapping. Shaded region
represents the DTWA simulation prediction.

that complex Floquet-engineering pulses do not intro-
duce decoherence that mixes with many-body dephas-
ing, we separately measure the decoherence rate I'i,, at
~ 10% the maximum density for each A, and subtract it
r=r- Iow. To verify that the engineered Hamiltonian
realizes the intended A, we probe the spin-precession dy-
namics using the same protocol as in Fig. 3. The observed
suppression and subsequent reversal of the precession di-
rection with varying A in Fig. S2 demonstrate that the
system is tuned through the isotropic Heisenberg point.

The leading next-order correction from the Magnus ex-
pansion is ~ 7, [H'framc, .E[frame/] between the interaction
in different frames, which are suppressed linearly in 7.
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 dis-
crete truncated Wigner approximation (DTWA) [12, 13].
This method captures the leading quantum fluctuations
of the collective spin by sampling the initial state over
a discrete phase-space distribution and propagating each
sample under the classical equations of motion. Because
the molecules move during the interaction time, each tra-
jectory carries its own set of time-dependent dipolar cou-
plings generated by the thermal motion in the trap.

Each molecule is a pseudo-spin-1/2, represented by a
classical vector s; = (s¥,s?,s7). For an initial coherent
state with mean spin along the direction (6, ¢), we sample
from the spin-1/2 discrete Wigner distribution in a frame
rotated by RT(6,¢). Each sampled vector is normalized
to length v/3/2.

For each realization we draw the initial positions r;(0)
and velocities v;(0) of the N molecules from the Maxwell-
Boltzmann distribution of the harmonic trap at temper-
ature T. As an approximation that neglects the back-
action force, the evolution the molecules follows inde-
pendent single-particle harmonic trajectories, r; ,(t) =
7i,1(0) cos(w,t) + v; ,(0)/w,, sin(w,t), where p = z,y, 2.



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, s; = B, X s;, where B; =
>z Vii(t) (s%, sy, 0)/h. We integrate these with a sym-
metric operator-splitting (Trotter) scheme built from ex-
act two-spin propagators. For each pair, the exchange
propagator is Strang-split into rotations generated by the
s5¥s” and sYsY couplings

@) p() : :
edt(ﬁ” T ) = e%ﬁgi)edmg)e%d? + O(dt?’) ;o (8)

where ﬁg;) = Vijs?sy, Ef;’) = V”sfs? Furthermore, the
full time step is symmetrized by sweeping the pair indices
in ascending order first and descending

SLy . 6%51\47166115[/1»16%»61\471 o5 L (9)

where L, spans all the pairs. The scheme is accurate to
order O(dt?) 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 Ni;,;
Wigner spin samples and Njy;; independent motional re-
alizations. The collective spin components S, = ) . 5§
yield the transverse contrast S| (T')/S, (0) used in the de-
phasing measurement (Fig. 2, 4) and the azimuthal pre-
cession angle ¢(T') = arg(S; +iS,) used in the mean-field
precession measurement (Fig. 3). For these simulation
data, we select Ni;aj = 60, Niniy = 30 and dt = 2.5 us.

COLLISIONAL FRAMEWORK

The DTWA simulation captures coherent, long-range
spin evolution, including the phase accumulated dur-
ing 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 evo-
lution and independently assess two-body scattering, as
detailed in the SI.

For the scattering calculation, an incoming pair chan-
nel is denoted by

REOEar)
=

For a common relative collision energy E. = h*k?/2pu,
the branch with asymptotic internal energy €, is prop-
agated at total energy E, = ¢; + E.. Amplitudes from

ge {1, [To), [ 11}, |To) (10)
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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 compo-
nents 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 ra-
dial equations in an exchange-symmetrized bosonic ba-
sis and impose a universal absorptive boundary at short
range. We average the resulting rate coeflicients over the
thermal distribution and the density profile of the cloud.

The collisional calculation reproduces a similar Ram-
sey dephasing rate and density 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 ad-
ditive. In our regime C3ng/kpT = 2 x 1075, a typical
dipolar encounter very weakly perturbs the thermal tra-
jectory, but long-range interaction can still accumulate
coherent spin-dependent phases over the evolution. Di-
rect internal-state-changing scattering is negligible.

MEAN FIELD APPROXIMATION

~ By decomposing the pairwise interaction Vj;(t) =
V +6V;;(t) where V = (V;;) and (6V;;) = 0, the average
Hamiltonian becomes Heon = V)23, (stst + si’s?)
Rewriting it in terms of the collective vari-
ables >, sist = Ss2 - 3. (s*)* such that
iy (sTst +s¥sy) = 8% — 82 — N/2, the collec-
tive Hamiltonian is

Heon = x S% — xS? + const (11)

with y = V /2. Note that x.S? commutes with everything
and, for a coherent spin state, it drives no dynamics.

For an initial state with population imbalance prepared
at polar angle 0, (S,) = (N cos#)/2. Expand the OAT
term using S, = (S,) +45.,

_XS,S = _2X<Sz> Sz + X<Sz>2 - X(SSE (12)

In the mean-field approximation, we drop the second-
order 652 and the constant (S,)? terms

Hmf ~ 72X<Sz> Sz (13)

and hence wmr = 2x(S,) = xN cos¥.



