High-fidelity entanglement of polar molecules by dynamic geometric control

Scarlett S. Yu,»2 Avikar Periwal,l»®3 Jiaqi You,»»? Zirui Liu,* Qinshu
Lyu,” Youngju Cho,® Loic Anderegg,” Eunmi Chae,® and John M. Doyle!:?

! Department of Physics, Harvard University, Cambridge, MA 02138, USA
2Harvard-MIT Center for Ultracold Atoms, Cambridge, MA 02138, USA
3 Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02189, USA
4 Institute for Interdisciplinary Information Sciences, Tsinghua University, Beijing 100084, PR China
5 Centre for Cold Matter, Blackett Laboratory, Imperial College London, London SW7 2AZ, United Kingdom
S Department of Physics, Korea University, Seongbuk-gu, Seoul 02841, South Korea
" Department of Physics and Astronomy, University of Southern California, Los Angeles, CA 90089, USA

In quantum information systems made of optical tweezer arrays of ultracold molecules, thermal
motion of molecules degrades the coherence of their interactions, which limits entanglement fidelity

and the concomitant scientific applicability of these systems.

We show that by controlling the

geometry of the dipolar interaction, even when a molecule occupies many motional states in the
tweezer, coherence can be preserved. We characterize several geometries that suppress sensitivity to
thermal fluctuations. We further use programmable, coherence-preserving motion of the molecules
during entanglement to refocus dephasing from relative positional jitter of the tweezers, which is
relevant even on the 10nm scale. These methods yield substantially improved dipolar coherence
and enable generation of two-molecule entanglement with a Bell state fidelity of F = 0.97673:00% in

directly laser-cooled molecules.

INTRODUCTION

A defining requirement for quantum simulation and
quantum information processing is the ability to gener-
ate entanglement through controlled interactions. Polar
molecules offer a compelling combination of quantum re-
sources, including long-lived rotational transitions [IH5],
rich internal state manifolds for multilevel encoding [5-
7], and molecular electric dipole moments that enable
long-range entangling interactions [8HIT]. Notably, rota-
tional qubits can be easily tuned and controlled using mi-
crowave and dc electric fields [I2HI5]. The capabilities of
these qubits suggest new routes to quantum simulation of
many-body spin dynamics [I5H23], quantum information
processing [0, 24H28], and precision laboratory searches
for both dark matter |29, 30] and new CP-violating par-
ticles in the > 10TeV range [31H34]. Recent experi-
ments have realized dipolar spin exchange interactions
and Bell state creation between individual molecules in
optical tweezers [8HI1L 2], placing molecular systems in
a practical regime for quantum simulation of interacting
spin models and entangling operations for digital quan-
tum information processing.

The coherent quantum dynamics of two interacting
molecules is driven by the dipolar coupling (J), with
strength that depends on the relative displacement vec-
tor 7 between the molecules and their orientation with
respect to the quantization field axis. Changes in 7’ trans-
late into changes in the entanglement rate. A central
limitation for coherent dipolar driven entanglement is de-
phasing induced by thermal motion of molecules. Ther-
mal occupation of many motional states leads to a distri-
bution of effective interaction strengths. For molecules
trapped in optical tweezers, the weak confinement along

the longer tweezer beam axis makes the molecular posi-
tional wave packet strongly anisotropic, and is the dom-
inant contribution to dephasing for previous demonstra-
tions of entanglement in polar molecules [10, [I1]. The
few quanta of motional excitation provided a fundamen-
tal limit on interaction coherence. This motivates find-
ing new strategies to suppress sensitivity of J to ther-
mal fluctuations by narrowing the distribution of effec-
tive coupling strengths sampled across experimental real-
izations to improve many-body coherence [27, 35, 36]. In
this work, we utilize both static and dynamic geometrical
programming to control and improve coherence in two-
qubit entanglement of molecules in an optical tweezer
array. We first experimentally demonstrate that static
geometry engineering can suppress thermal dephasing by
realizing interaction configurations that minimize sensi-
tivity to motional fluctuations. Under optimal condi-
tions, trap position fluctuations on the order of a few
nanometers become the dominant source of dephasing.
We take advantage of the long rotational coherence time
of molecules to implement a geometric echo protocol that
changes the relative molecular positions during dipolar
entangling, effectively refocusing positional noise. This
demonstration of coherent molecular locomotion high-
lights that programmable trap motion can be used not
only for assembly and rearrangement, but as a coherent
rectifying operation during interactions. With the ad-
dition of partial Raman sideband cooling, higher-order
thermal effects are suppressed to realize a two-molecule
Bell state with a measured fidelity of F = 0.976150%%.
This result, to our knowledge, is the highest reported
fidelity for directly laser-cooled molecules, and is compa-
rable to state-of-the-art demonstrations of entanglement
between assembled molecules [I0,[I1]. The power of these



FIG. 1. Three-dimensional geometric control of dipolar interactions in a molecular tweezer array. (A) Schematic

of the optical tweezer array and geometric coordinates used in this work. CaF (calcium mono uoride) molecules are loaded
into 775 nm optical tweezers projected through a 0.6 NA microscope objective into a vacuum glass cell. Inset: Geometry and
coordinates between one pair of interacting molecules. The tweezer propagation is along 2. The relative separation vector
between two molecules is + = ¥, +zo2, where + is the in-plane separation and z, is their relative axial displacement. The
angle is de ned between ¥» and the quantization axis, which is set by a small applied magnetic eld along X. One trap (shown
in red) is generated from crossed 2D-AODs, which provide lateral positioning to set (r » ; ), while the other trap (shown in
blue) is projected from an SLM phase mask, which can independently impose z. (B) Relevant internal state manifolds used

in preparing and de ning the rotational qubit. (C) Dipolar motional sensitivity in experimentally accessible three-dimensional
geometry. Color shows the dimensionless weighted relative sensitivity S, de ned in main text, of the interaction strength to
thermally-induced dephasing. The dashed curve marks J = 0; brighter regimes indicate reduced leading-order sensitivity to

thermal motion.

methods is highlighted because the molecular tempera-
tures here are much higher. This sets a rm, realistic
path to delities well above the 99% level, as rst envi-
sioned by theory [27, 35].

Our experiment is carried out with laser-cooled cal-
cium mono uoride (CaF) molecules individually trapped
in a two-dimensional (2D) optical tweezer array, illus-
trated in Fig. 1A. We rst describe the tweezer architec-
ture relevant to geometric control of dipolar interactions.
(Molecule production, laser cooling, and trapping of CaF
have been described in detail in previous work [37, 38]).
The tweezer array is formed from two beam paths derived
from the same laser: in one path, the light is re ected
by a spatial light modulator (SLM), which generates a
static array, while the other beam is diracted by two
crossed acousto-optic de ectors (2D-AODSs) to create a
set of dynamic tweezers. The two beams are combined
and projected through the microscope objective. One
trap of an interacting pair of molecules is generated by
the SLM and the other by the AODs. The SLM de nes
a static two-dimensional array and the trap position in

the axial direction, while the AODs provide rapid motion
in the lateral directions. This architecture allows conve-
nient access to the three-dimensional interaction geome-
try between pairs of directly laser-cooled CaF molecules,
and avoids using multi-tone AOD operation which can
introduce parametric heating [39].

Molecules are initially loaded and rearranged into
a 2D array in the SLM tweezers with 14 m spac-
ing. We encode a qubit in two rotational states
jli X; =0;N=1;F =0;m =00 and j#i
X; =0;N =0;F =1;m ¢ =0i within the electronic
and vibrational ground state X 2 * of CaF (see Fig. 1B).
All molecules are initialized in the qubit state j"i. We
then transfer half of the molecules from the SLM tweezers
into the dynamic AOD tweezers (see Fig. 1A), and move
each molecule toward its neighboring SLM molecule,
forming pairs of interacting molecules. A magnetic eld
of 3G applied along R de nes the quantization axis.
Each pair of molecules interacts with a dipolar coupling
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